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I. INTRODUCTION
Copper nitride Cu 3 N is a promising material for writeonce optical recording media devices and microscopic metal links in ultralarge-scale integrated circuits due to its excellent properties such as nontoxicity and thermal decomposition at lower temperature (100 $ 470 C). [1] [2] [3] [4] [5] [6] It is an indirect band-gap semiconductor with low reflectivity and high electrical resistivity at room temperature. Additionally, this material can be also used as the candidates for an insulating barrier in magnetic tunnel junctions and the electrode material of Li-ion batteries. 7, 8 Recently, Cu 3 N thin films have been synthesized by various methods, such as molecular beam epitaxy, 8 dc magnetron sputtering, 3 rf magnetron sputtering, 4 ,5 pulsed laser deposition, 9 and ion assisted vapour deposition. 1 However, the physical properties of Cu 3 N films reported in the literature have large discrepancies. For example, the electrical resistivity of Cu 3 N films varies from 2.6 Â 10 À5 to 1000 X cm, 3, 5, [10] [11] [12] the optical bandgap from 0.25 to 1.9 eV (Refs. 5, 10, 13, and 14) , and the thermal decomposition temperature spans a range of 100 to 470 C. 1, [3] [4] [5] [6] The main reason of the large discrepancies about the physical properties was due to the differences in the chemical composition of the samples. 4, 11 Cu 3 N is a cubic primitive crystal of ReO 3 -type, where the copper atoms are positioned at the middle of the edges and the nitrogen atoms situated at the corners of a cube, that is, the center of the cubic unit cell is simply vacant. If these vacant sites can be filled by foreign atoms such as Li, Pd, Cu, Zn, Ti, and so forth, it will cause remarkable changes in the optical and electrical properties of this material. The bulk Cu 3 NPd x (0.020 x 0.989) was successfully synthesized using high pressure high temperature techniques. 15 Unlike dark green-colored Cu 3 N, the bulk compound Cu 3 NPd x shows silver color and exhibits a metallic behavior. Maruyama and Morishita 16 reported that Cu 3 N films with a lattice constant above 0.3868 mm were conductors and the electrical resistivity of the deposits was decreased to 0.5 $ 3 Â 10 À2 X cm due to the insertion of Cu atoms into the body center of the cubic unit cell. The conducting films also showed smaller optical energy gap than that of insulating films (1.3 eV). The electrical conductivity of hydrogenimplanted Cu 3 N films may increase by more than two orders of magnitude. 17 Recently, Pierson et al. 18 have synthesized the silver-copper nitride films and observed that the addition of silver in copper nitride films induces a strong decrease of electrical resistivity at room temperature. Light doping with Ti atoms improves the crystalline quality of the deposits and can raise the decomposition temperature of Cu 3 N films to 300 $ 350 C. 19 The incorporation of some oxygen in copper nitride films improves the thermal decomposition temperature ($360 C). 20 A reduction in the electrical resistivity by three orders of magnitude of Cu 3 NZn x films was observed when the Zn concentration increases from zero to 5.44 at. %. 21 Using first-principle calculations, Moreno-Armenta et al. 22 study the structure and electronic properties of bulk Cu 3 MN with M ¼ Ni, Pd, Cd, Zn, Cu, and Ag at the center of the cube. They revealed that the incorporation of foreign metal atoms in the body modify the electronic structure of Cu 3 N and all the compounds Cu 3 MN exhibit metallic behavior. In this work, we report the synthesis of Pd-doped copper nitride thin films with various Pd concentrations using rf magnetron sputtering at room temperature. The effects of Pd concentrations on the structure, electrical conductivity, and thermal stability of the deposits were systematically investigated. A clear change in electrical conductivity depending on Pd concentrations has been observed.
II. EXPERIMENT DETAILS
The Pd-doped copper nitride films were prepared onto Si (100) substrates in a custom-designed rf magnetron sputtering system. The copper target with a purity of 99. Pd in the deposits can be adjusted by changing the number of the Pd chips on the Cu target and/or slightly varying their position with regard to the sputtered region. Before mounting into the chamber, the substrates were ultrasonically cleaned by acetone and deionized water for 20 min, respectively. The surface of the samples is face to face parallel to the targets with a distance of 50 mm. The working pressure in the chamber was kept at 1.2 Pa, and the RF sputtering power was tuned to 70 W during the deposition. The sputtering was carried out at room temperature using high purity (5N) N 2 as the working gas. The thickness of the samples is 800 nm. The structure of both as-deposited and annealed films was characterized by X-ray diffraction (XRD). X-ray photoelectron spectroscopy (XPS) was performed using ESCA-Lab Mark-II equipped with a monochromatic Mg-K x-ray source to determine the chemical bonding states and composition of the deposits. Hall-effect measurements were carried out in the van der Pauw configuration (HMS 3000, ECO) at room temperature under a magnetic field of 0.54 T. Four indium dot electrodes (diameter $0.5 cm) were thermally wedded on the as-deposited film surfaces. Good linear I-V dependence indicates Ohmic contacts between In electrodes and the sample. In order to study the thermal stability of as-deposited films, the samples were annealed in the same vacuum system. The based vacuum was 6 Â 10 À4 Pa before annealing for 1 h in the temperature range from 200 to 450 C.
III. RESULTS AND DISCUSSION
XPS analysis was employed to identify the composition of a series of the samples with the different Pd concentration. In all the as-deposited films, the ratio of Cu and N atoms remains about 3:1 and the Pd concentration varies from 0 to 5.6%. Figure 1 shows XRD patterns of the films with various Pd concentrations. It can be seen that all the deposits have a typical anti-ReO 3 structure, showing peaks from the (100), (200) and (111) reflections. No secondary phases have been identified in samples with a Pd concentration below 5.6 at. %. It is obvious that the preferential orientation of the asdeposited films is influenced by the incorporation of Pd. With introducing light concentration of Pd, the films remain highly [100] orientation. When the Pd concentration is above 2.6 at. %, the preferential growth of (111) plane occurs. The incorporation of Pd atoms into network of the Cu 3 N cell results in the change of the growth orientation of the films. Moreover, the (100) and (200) diffraction peaks shift towards the lower angle direction with increasing the Pd concentration. This is to say that the lattice constant of the deposits increase from 0.383 nm of Cu 3 N to 0.385 nm of Cu 3 NPd x with the Pd concentration of 5.6 at. % (in Fig. 2) . This is consistent with the report of Zachwiecha et al.
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Since the radius of Pd ions (0.80 Å ) is much smaller than that of Cu ions (0.96 Å ), the substitution of Cu ions by Pd ions results in the shrinkage of the lattice. So, we speculate that the enlargement of the lattice constant of the deposits is due to the insertion of the Pd atoms into the centers of the cube cells. Fig. 3 shows the chemical bonding of the deposit with a Pd content of 5.6 at. %. In Fig. 3(a) , the N 1 s line can be decomposed into two distinct peaks. The main peak centered at 397.5 eV is associated with the Cu-N bonds of Cu 3 N. A broad peak with minor intensity is centered at 401.5 eV, corresponding to the free nitrogen atoms embedded in the films due to fast deposition. This is consistent with our previous reported results. 21 Fig. 3(b) shows the typical XPS data of Cu 2p. The Cu 2p 3/2 and Cu 2p 1/2 peaks that appear at 932.9 eV and 952.9 eV, respectively, are assigned to Cu in Cu-N bonding. 21 The Pd 3d 5/2 peak centered at 335.4 eV in Fig. 3(c) may be attributed to Pd in Pd-N bonding. Given the symmetry feature and no metallic Pd with a binding energy of 335.1 eV confirm that Pd atoms successfully insert into the network of Cu 3 N structure.
The effect of Pd content on the electrical properties of the samples was investigated by using four-probe methods at room temperature in air ambient. The maximum Pd concentration is designed as 5.6 at. % to guarantee that the crystalline quality of the deposits is unaffected according to XRD results. Figure 4 shows the electrical resistivity of the films as a function of the Pd concentration. It can be seen that the electrical resistivity decreases by three orders of magnitude with increasing Pd concentration from 0 to 5.6 at. %. To be more specific, the resistivity for pure Cu 3 N sample is about 
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3.1 X cm, and it is reduced down to 1.08 Â 10 À3 X cm in the sample containing 5.6 at. % of Pd. It can be inferred that the increase of the electrical conductivity is due to an insertion of Pd atoms into the body center of the anti-ReO 3 structure. That is, the inserted Pd atoms act as the donors, which provide the conduction carriers. Hall measurements confirmed that all the deposits exhibit n-typed conductivity behavior. Fig. 5 displays the carrier concentration and electron mobility of the samples with increasing Pd concentration from 0 to 5.6 at. %. It is obvious that the carrier concentration and electron mobility increase dramatically as the Pd content increasing. The carrier concentration increases by four orders of magnitude from 10 17 to 10 21 cm À3 while the electron mobility increases from 2.91 to 18.9 cm 2 V À1 s À1 (Fig. 5) . With increasing Pd concentration, more and more Pd atoms are inserted into the center of the cell, which results in the increase of the number of free electrons in the samples. So, the increase of Pd content brings about the high conductivity, high carrier concentration, and high electron mobility of the films. The enhanced mobility of electrons may be attributed to the larger lattice distortion at higher doping levels, as can be seen from the XRD data (Fig. 1) , but a confirmative relation between the Pd content and the carrier mobility, which is coupled with the carrier concentration, can be established only with more meticulous analysis.
The effect of Pd doping on the thermal stability of asdeposited films was investigated. Figs. 6(a) and 6(b) show the changes of XRD patterns of the Cu 3 N film and weakly Pd-doped Cu 3 N film annealed at different temperatures, respectively. As seen in Fig. 6(a) , the as-deposited sample displays the (001) and (002) reflections. Annealing for 1 h at 250 and 325 C does not result in any discernible changes to the diffraction pattern. After annealing at 350 C, two small Cu (111) and (002) peaks appear, which indicates the onset of thermal decomposition of Cu 3 N. When the annealing temperature increases to 420 C, only strong Cu peaks were observed without any trace of Cu 3 N phase, and the Cu films prefers to grow along the (002) orientation. As shown in Fig.  6(b) , when the annealing temperature increases to 400 C, a little trace of Cu is found and the film completely decomposed at 450
C. This indicates that the decomposition temperature can be raised for 50 C or so by incorporating 1.2 at. % of Pd into the copper nitride deposits. This is to say, the weakly doping of Pd enhances the thermal stability of the deposits. The preferred orientation of Cu film after thermal decomposition does not change and the crystal quality of Cu film does not deteriorate. In order to determine the conductive behavior of the decomposition product of the sample referred to Fig. 6(b) , the temperature dependence of the electrical resistivity for the decomposition product was shown in Fig. 7 . From this figure, it can be seen that the product exhibits obviously a metallic behavior, and the electrical resistivity at room temperature is only 2.23 Â 10 À6 X cm. This value is almost equal to the value for bulk Cu (2. Â 10 À6 X cm) and normal copper thin film (1.75 Â 10 À6 to 2 Â 10 À6 X cm). 23 So it is obvious that the decomposition product from the as-deposited films qualifies the fabrication of conduct wires or metallic structures for the promising applications.
IV. SUMMARY
Pd-doped copper nitride films were successfully prepared on Si substrates by reactive magnetron sputtering of metal targets. Up to a Pd content of 5.6 at. %, the deposits exhibit a satisfactory crystallinity according to XRD results. The slightly enlarged lattice constant suggests the insertion of Pd atoms into the center of cells of primitive Cu 3 N lattice. Electrical resistivity at room temperature drops by three orders of magnitude with increasing Pd concentration from zero to 5.6 at. %. All the deposits exhibit an n-typed conductivity behavior. The corresponding carrier concentrations increase by four orders of magnitude from 10 17 to 10 21 cm
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. With the decomposition product remaining a good electrical conductor, the decomposition temperature of the weakly Pd-doped Cu 3 N has been increased to over 400 C. 
